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Niemann-Pick type C (NPC) disease is an autosomal recessive lysosomal trafficking disorder, in which the 
cholesterols are abnormally accumulated in lysosomes. Recently, the p-cyclodextrin (CD) derivatives are 
revealed to show therapeutic effect for NPC disease through the removal of accumulated cholesterols in 
lysosomes. Herein, to enhance the therapeutic effect and reduce the toxicity of p-CD derivatives, 
biocleavable Pluronic/p-CD-based polyrotaxanes (PRXs) bearing terminal disulfide linkages that can 
release threaded p-CDs in lysosomes were developed. The biocleavable PRXs show negligible interaction 
with the plasma membrane, leading to avoiding the toxicity of p-CDs derived from their hydrophobic cavity. 
Additionally, lysosomal release of threaded p-CDs from biocleavable PRXs by the intracellular cleavage of 
terminal disulfide linkages is found to achieve approximately 100-fold higher cholesterol removal ability 
from NPC disease- derived cells than p-CD derivatives. Consequently, the biocleavable PRXs is considered to 
be a noninvasive and effective therapeutics for NPC disease. 



Lysosomal storage diseases are a family of intracellular metabolic diseases caused by defective function of 
lysosomal proteins^ Among them, Niemann-Pick type C (NPC) disease is an autosomal recessive lysosomal 
trafficking disorder caused by the dysfunction of either the NPCl or NPC2 protein^"'*; which induces the 
chronic accumulation of unesterified cholesterols and sphingolipids within late endosomes and lysosomes of cells 
throughout the body^'^. This abnormal cholesterol accumulation leads to various clinical symptoms, such as 
progressive neurodegeneration and hepatosplenomegaly, often resulting in fatality at an early age^. Nevertheless, 
there is currently no effective therapy for NPC disease, although various methodologies have been examined in 
attempt to establish NPC disease therapy^"^. Recently, hydroxypropyl- P-cyclodextrin (HP- P-CD), a derivative of 
cyclic oligosaccharide^'^, has received tremendous attention as a potential therapeutic for NPC disease^^. It has 
been revealed that HP- P-CD can reduce the lysosomal cholesterol content in NPC patient- derived cells^^'^^, 
because P-CD can form an inclusion complex which cholesteroF'^^. Furthermore, the administration of HP-P- 
CD reduces the cholesterol content in various organs, leading to a remarkable prolongation of the life-span of 
NPCl -deficient mice^^'^^. Nowadays, the clinical investigation on the therapeutic effect of HP- P-CD against NPC 
disease patient is demonstrated^'^. However, to obtain a sufficient therapeutic effect, a high dose of HP- P-CD is 
typically required (approximately 4,000 mg/kg against mice)^^'^^. This is most likely because systemically admi- 
nistered P-CD has a short half-life in bloodstream owing to its rapid renal clearance^^'^^, non-specific interaction 
or inclusion of cholesterols and proteins in the bloodstream, and low ability to cross the cellular membrane^^'^°. 
Additionally, when the concentration of P-CD is high, there is a concern that it may have toxic effects such as 
hemolysis, cytotoxicity, apoptosis induction, and tissue injury^^"^'*. Therefore, the therapeutic efficacy of HP-P- 
CD is limited due to its severe toxic effects. 

To address these drawbacks, we focused on polyrotaxanes (PRXs) that consist of P-CDs threaded along a 
polymer chain capped with terminal bulky molecules (Fig. lA)^^"^^. Especially, we have developed biocleavable 
polyrotaxanes bearing terminal disulfide linkages^^"^\ because disulfide linkage is known to cleave intracellular 
environments through the reaction with L-glutathione (GSH)^^. We have previously demonstrated a-CD-based 
biocleavable PRX as a delivery carrier for nucleic acids and proteins, and the PRX bearing terminal disulfide 
linkages exerts intracellular degradation via the reaction with intracellular GSH^^"^\ Herein, biocleavable PRXs 
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Figure 1 | Biocleavable polyrotaxanes (PRXs) as therapeutics for NPC disease. (A) Chemical structure of biocleavable PRXs bearing terminal 
disulfide linkages (HE-SS-PRX). (B) Schematic illustration of the intracellular dissociation of the PRXs and the subsequent lysosomal release of threaded 
(3-CDs to improve cholesterol accumulation in NPC disease-derived cells. 



have tremendous advantages that allow them to overcome all of the 
problems of P-CDs in NPC disease therapy: (1) masking of the toxic 
effect of p-CD derivatives, as the hydrophobic cavity of p-CD is 
occupied by a polymer chain to avoid non-specific inclusions; (2) 
retardation of renal clearance, thus prolonging blood half-life, 
because of its high molecular weight (typically 20,000 to 100,000, 
depending on the number of threaded CDs) in comparison with P- 
CD derivatives (approximately 1,000 to 1,500), (3) preferential accu- 
mulation in endosomes/lysosomes through endocytosis; and (4) the 
ability to release threaded P-CDs via cleaving the terminal linker of 
PRXs under intracellular environments to achieve therapeutic effect 
(Fig. IB). Recently, P-CD-threaded polyrotaxanes have been 
reported for the removal of cholesterol accumulated in NPC2-defi- 
cient cells^^'^^. In those reports, there is no marked difference in the 
cholesterol removal efficiency between their PRXs and p-CD, prob- 
ably due to the lack of cleavable linkers in PRX. Therefore, bioclea- 
vable PRXs are thought to show much effective cholesterol removal 
ability through the lysosomal release of threaded p-CDs. 

In this study, we have designed p-CD-threaded biocleavable PRXs 
and investigated their toxicity and cholesterol reduction effect again- 
st NPC disease patient-derived cells in comparison with p-CD deri- 
vatives. Furthermore, the mechanism of action of biocleavable PRX 
and P-CD derivatives such as gene expression and intracellular dis- 
tribution analysis were demonstrated in comparison with p-CD deri- 
vatives to better understand the feasibility of biocleavable PRX as 
therapeutics for NPC disease. 

Results 

Synthesis of biocleavable polyrotaxanes. To validate the concept of 
NPC disease therapy by P-CD-threaded PRXs, we have synthesized 
biocleavable hydroxyethylated PRXs composed of Pluronic PI 23 
(Mn,ppG: 4,150, Mn,PEG: 1.100 X 2), P-CDs, and terminal disulfide 
linkages (HE-SS-PRX) (Supplementary Information)''-'^'''''^ Hy- 
droxyethyl (HE) groups were introduced on the P-CD moieties to 
give water-solubility to the PRXs'^. The numbers of threaded P-CDs 
and modified HE groups on the HE-SS-PRX were determined to be 



12.9 and 52, respectively. As a control, non-cleavable PRX without 
terminal disulfide linkages (HE-PRX) was synthesized'^ '^ in which 
the number of threaded p-CDs and modified HE groups were deter- 
mined to be 11.3 and 66, respectively (Supplementary Information). 

Hemolytic activity and cytotoxicity of PRXs and p-CD derivatives. 

To verify whether the PRX structure can mask the toxic effects of P- 
CD, hemolytic activity against erythrocytes and cytotoxicity against 
NPCl protein-deficient NPC disease patient-derived fibroblasts 
(NPCl cells) were demonstrated in comparison with HP- P-CD 
and heptakis(2,6-di-0-methyI)-P-cyclodextrin (DM-P-CD), which 
has the highest binding ability to cholesterol (Fig. 2)'\ DM- p-CD 
and HP- P-CD induced hemolysis of erythrocytes and cytotoxicity 
against NPCl cells, which is consistent with a previous report^^"^'. 
On the contrary, the cleavable HE-SS-PRX and the non-cleavable 
HE-PRX showed negligible hemolysis and cytotoxicity even at the P- 
CD concentration of 20 mM. The hemolytic activity of the cleavable 
HE-SS-PRX was only observed in the presence of 5 mM of L- 
glutathione (GSH), which is a sufficient concentration to cleave the 
disulfide linkages of HE-SS-PRX (Supplementary Fig. S3)^^"'\ This is 
due to the hemolytic activity of dethreaded P-CDs from HE-SS-PRX 
upon the addition of GSH. Eventually, the PRX structure can 
completely mask the hemolytic activity and cytotoxicity of P-CD, 
indicating the bioinert characteristics of the PRX. 

Intracellular cholesterol reduction in NPCl cells. Next, the change 
in lysosomal cholesterol content and the enlargement of endosomes/ 
lysosomes in NPCl cells were observed by confocal laser scanning 
microscopy (CLSM) after the treatment with each sample for 24 h (P- 
CD concentration: 0.1 mM) (Fig. 3A). The NPCl cells showed 
significant accumulation of cholesterol (filipin staining) and the 
enlargement of acidic endosomes/lysosomes (LysoTracker staining) 
compared to normal human fibroblasts^'^. At this low concentration 
(P-CD: 0.1 mM), no significant change in NPCl phenotype was 
observed for HP-P-CD. DM-P-CD reduced the cholesterol content 
and the number of the endosomes/lysosomes moderately, presumably 
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Figure 2 | Hemolytic activity and cytotoxicity of PRXs and f-CD 
derivatives. (A) Hemolysis of rat erythrocytes incubated with HP- P-CD, 
DM- P-CD, non-cleavable HE-PRX, and cleavable HE-SS-PRX at various 
P-CD concentrations for 2 h. Data are expressed as the mean ± S.D. 
(n = 3). (B) Viability of NPCl cells incubated with HP-P-CD, DM-P-CD, 
non-cleavable HE-PRX, and cleavable HE-SS-PRX at various P-CD 
concentrations for 24 h. Data are expressed as the mean ± S.D. (n = 4) 
(*p < 0.05, ****p< 0.001). 

owing to its strong ability to bind cholesteroP\ The difference in the 
lysosomal cholesterol reduction ability between HP-P-CD and DM- 
P-CD is consistent with previous reports^ \ Although the non- 
cleavable HE-PRX- treated NPCl cells showed no marked change in 
lysosomal cholesterol content and the enlargement of endosomes/ 
lysosomes, the NPCl cells treated with cleavable HE-SS-PRX 
demonstrated remarkable reductions in both the cholesterol content 
and the number of the endosomes/lysosomes to a level nearly 
comparable to that of normal cells. 

Further investigation was demonstrated by quantifying the 
amount of total cholesterol in NPCl cells after the treatment with 
PRXs or P-CD derivatives at various concentrations for 24 h 
(Fig. 3B). Being consistent with the previous reports, HP-P-CD 
reduced the total cholesterol content in NPCl at high concentration. 
DM-P-CD also reduced the cholesterol content in NPCl cells at 
lower concentration than HP-P-CD. Treatment with cleavable HE- 
SS-PRX reduced the cholesterol content in NPCl cells even at the 
concentration below 0.1 mM, whereas non-cleavable HE-PRX 



treatment showed almost no effect even at the P-CD concentration 
of 10 mM. Accordingly, the half maximal effective concentration 
(EC50) of HP-P-CD, DM-P-CD, and HE-SS-PRX were determined 
to be 2599 ± 548 |iM, 234.3 ± 34.8 jiM, and 24.2 ± 2.3 |iM, respect- 
ively. The EC50 of HE-SS-PRX was 107-fold and 9.7-fold lower than 
HP-P-CD and DM-P-CD, respectively. 

We also tested the cholesterol reduction ability of other bioclea- 
vable PRXs bearing acid-labile p-thiopropionate linkages or cyclic 
acetals (Supplementary Fig. S4)^^"^^. These types of biocleavable 
PRXs exert degradation by the hydrolysis under acidic endosomes 
and lysosomes. The EC50 values of acid-labile PRXs bearing P-thio- 
propionate linkages or cyclic acetals were determined to be 48.6 ± 
6.5 |iM, and 131.4 ± 59.9 |iM, respectively, which are slightly higher 
than that of HE-SS-PRX. Therefore, it is considered that the reduc- 
tion -cleavable disulfide linkages are the suitable linker to induce 
intracellular degradation of PRX to release threaded P-CDs. 

The sustainability of the cholesterol reduction effect is of interest 
for determining the optimal dose frequency of therapeutics. Fig. 3C 
shows the time- course of total cholesterol content in NPCl cells after 
24 h incubation with the various treatment solutions, followed by 
incubation for the indicated time period without treatments. To 
adjust the total cholesterol content at 24 h, the P-CD concentration 
was varied among tested samples. After the removal of the samples 
from the medium, the cholesterol content gradually increased in a 
time-dependent manner. However, HE-SS-PRX showed the most 
sustained cholesterol reduction, and the cellular cholesterol content 
at 96 h incubation was significantly lower than that of cells treated 
with HP- p-CD and DM- p-CD. 

Gene expression analysis of NPCl cells treated with HE-SS-PRX 
and HP-p-CD. The HP-P-CD is known to preferentially excrete the 
cholesterol from the plasma membrane^°'^\ which induces to recruit 
the cholesterol from the endoplasmic reticulum (ER) to the plasma 
membrane^^'^^. Sterol regulatory element-binding protein -2 (SREBP- 
2) is a transcription factor for cholesterol accretion and it plays 
central role to detect the concentration of cholesterol in ER^^. 
When the ER cholesterol is recruited to the plasma membrane, the 
concentration of cholesterol in ER is temporarily reduced, which 
leads to SREBP-2 processing and upregulating the expression level 
of mRNAs related to cholesterol biosynthesis and uptake, such as 3- 
hydroxy-3-methylglutaryl-coenzyme A reductase (HMGCR), 3- 
hydroxy-3-methylglutaryl-coenzyme A synthase (HMGCS), and 
low-density lipoprotein receptor (LDLR)^^. Therefore, to better 
understanding the mechanism of action of HE-SS-PRX, the ability 
to excrete cholesterol from the plasma membrane (Fig. 4A) and 
mRNA expression level of NPCl cells (Fig. 4B) were evaluated in 
comparison with HP-P-CD. After the treatment of NPCl cells in 
short time (1 h), the concentration of cholesterol in the medium 
was increased for HP-P-CD. On the contrary, negligible change in 
the concentration of cholesterol in the medium was observed for HE- 
SS-PRX, indicating that the PRX has no ability to excrete cholesterols 
from the plasma membrane. The mRNA expression level of SREBP- 
2, HMGCR, HMGCS, and LDLR in NPCl cells were evaluated after 
treatment with HE-SS-PRX or HP-P-CD (Fig. 4B). After 24 h 
incubation with HP-p-CD, the level of these mRNAs was 
significantly upregulated, which is consistent with observations in 
NPCl -deficient neurons^^. On the contrary, HE-SS-PRX was found 
to induce negligible upregulation of these mRNAs in NPCl cells. 

Cellular association and intracellular distribution analysis of HE- 
SS-PRX and HP-P-CD. To clarify why the cleavable HE-SS-PRX has 
a remarkably superior ability to reduce accumulated cholesterols 
compared to HP-P-CD, the cellular association level of HE-SS- 
PRX and HP-P-CD was investigated by flow cytometry using 
fluorescein isothiocyanate (FITC) -labeled HE-SS-PRX (FITC-HE- 
SS-PRX) and HP-P-CD (FITC-HP-P-CD) during 24 h of 
incubation (Fig. 5A). Although FITC-HE-SS-PRX showed a 
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Figure 3 | Lysosomal cholesterol reduction ability of biocleavable HE-SS-PRX against NPCl cells. (A) Filipin staining for unesterified cholesterol and 
LysoTracker staining for endosome/lysosome in normal and NPCl cells (bar: 20 |am). The NPCl cells were incubated with HP-P-CD, DM-P-CD, non- 
cleavable HE-PRX, and cleavable HE-SS-PRX at the P-CD concentration of 0.1 mM for 24 h. (B) The amount of intracellular total cholesterol in NPCl 
cells incubated with HP-P-CD, DM-P-CD, non-cleavable HE-PRX, and cleavable HE-SS-PRX at various P-CD concentrations for 24 h. The dashed lines 
represent the amount of intracellular total cholesterol in non-treated normal and NPCl cells. (C) Time-course of the amount of intracellular total 
cholesterol in NPCl cells after incubation with HP-P-CD (P-CD: 10 mM), DM-P-CD (P-CD: 1 mM), non-cleavable HE-PRX (P-CD: 10 mM), and 
cleavable HE-SS-PRX ( p-CD: 0.2 mM) for 24 h, followed by incubation without treatment for the indicated time periods. The closed circles represent the 
non-treated NPCl cells. Data are expressed as the mean ± S.D. (n = 3) (*p < 0.05, p < 0.01). 



slightly higher cellular association level than FITC-HP-P-CD, it is 
inconsistent with the 107-fold difference in EC50 values between HE- 
SS-PRX and HP-P-CD. However, the CLSM observation re- 
vealed that most of the FITC-HE-SS-PRX appeared within the 
intracellular region of NPCl cells, and the intracellular uptake 
level of FITC-HE-SS-PRX increased with time. In sharp contrast, 
FITC-HP-P-CD was found to accumulated at the cell periphery 
during the exposure time period, probably due to its strong 
interaction with the plasma membranes (Fig. 5B)^^'^^. To clarify the 
details of the intracellular localization of HE-SS-PRX and HP-P-CD, 
early endosomes, late endosomes, and lysosomes were stained with 
early endosome antigen 1 (EEAl), CD63, and lysosomal-associated 
membrane protein 1 (LAMPl) antibodies^^, and colocalization 
percentage of HE-SS-PRX and HP-P-CD to these compartments 
was determined from the resulting images (Fig. 5C,D). Although 
the cholesterols accumulation of NPCl cells is known to occur in 
late endosomes or lysosomes, most of the FITC-SS-PRX was found to 
be locahzed in late endosomes or lysosomes. On the contrary, 
colocalization of FITC-HP-P-CD to these compartments was 
negligible. 



The result described above also suggests that if the amount of 
P-CD transported into late endosomes and lysosomes is in- 
creased, the cholesterol reduction ability can be further facilitated. 
We have previously demonstrated that tertiary amino group- 
modified PRX has superior intracellular uptake via endocytosis 
in comparison to conventional linear polymers^^. Therefore, we 
investigated the cholesterol reduction in NPCl cells that was 
treated with Ar,Ar-dimethylaminoethyl groups -modified PRXs 
(DMAE-SS-PRX; number of threaded P-CDs: 12.9, number of 
DMAE groups: 65.3) (Fig. 6A). The CLSM observation revealed 
that the cellular uptake level of cationic DMAE-SS-PRX was 
remarkably higher than nonionic HE-SS-PRX (Fig. 6B). 
Eventually, DMAE-SS-PRX showed approximately 20-fold higher 
preferential cellular internalization than HE-SS-PRX as deter- 
mined by flow cytometry (Fig. 6C). Treatment of NPCl cells with 
DMAE-SS-PRX resulted in greater cholesterol reduction ability in 
comparison with HE-SS-PRX treatment (Fig. 6D). The EC50 value 
of DMAE-SS-PRX is determined to be 2.8 ± 0.4 jiM, which is 
approximately 9.3-fold and 928-fold lower than HE-SS-PRX and 
HP-P-CD, respectively. 
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Figure 4 | Cholesterol efflux from the plasma membrane and gene 
expression analysis for HE-SS-PRX and HP-P-CD treatment. (A) The 

amount of cholesterol efflux from the plasma membrane of NPCl cells 
after 1 h incubation with HP-P-CD and HE-SS-PRX at 37°C. The 
concentration of P-CD is 10 mM. (B) Relative mRNA expression levels of 
SREBP-2, HMGCR, HMGCS, and LDLR in NPCl cells after incubation 
with HP-P-CD (P-CD: 10 mM) or HE-SS-PRX (P-CD: 0.2 mM) for 24 h 
at 37°C. Data are normalized to the expression level of p-actin. Data are 
expressed as the mean ± S.D. (n = 3) (***p < 0.005, < 0.001, NS 

indicates not significant). 

Discussion 

In this study, we have demonstrated the therapeutic potential of P- 
CD -threaded biocleavable PRXs for NPC disease. Although the p- 
CD derivatives are expected as a promising therapeutics for NPC 
disease therapy, they have a drawback of toxic concern, especially 
at high concentration^ We found that the PRX structure is bene- 
ficial to mask the toxic effect of P-CD (Fig. 2). Since the hydrophobic 
cavity of P-CD is occupied with a polymer chain in PRX, it shows low 
interaction with the plasma membrane, resulting in negligible excre- 
tion of cholesterols from the plasma membrane (Fig. 4 A, 5B). The 
cholesterol removal from the plasma membrane by CD disrupts the 
membrane integrity and fiuidity to induce hemolysis and apopto- 
glg2i,23^ Therefore, the unique supramolecular structure of PRX is 
essential to overcome the toxic effect of P-CD derivatives. 

The biocleavable PRX has also appealing property to release 
threaded P-CDs under intracellular environments. The lysosomal 
cholesterol reduction ability is significantly enhanced by the bioclea- 
vable PRX compared to P-CD derivatives (Fig. 3A,B). Also, the 



comparison study between biocleavable and non-cleavable PRXs 
give us an important insight that the intracellular release of threaded 
P-CDs from PRX is essential to achieve the reduction of lysosomal 
cholesterol accumulation. From the result of CLSM observation, the 
release of threaded P-CDs from PRX is thought to occur in these 
compartments. The lysosomal release of threaded P-CDs from PRX 
increases the local concentration of p-CDs to exert higher lysosomal 
cholesterol reduction compared to p-CD derivatives. It is believed 
that intracellular GSH is stored in cytoplasm, and the endosomal and 
lysosomal concentration of GSH is lower than cytoplasm. Since the 
pH value of late endosomes and lysosomes is lowered to 4.5 to 6.0^^, 
we considered that the acid-labile PRX is more effective to release P- 
CDs under late endosomes and lysosomes than reduction-cleavable 
HE-SS-PRX. However, the lysosomal cholesterol reduction ability of 
the acid-labile PRX bearing P-thiopropionate linkages or cyclic acet- 
als is lower than HE-SS-PRX. Therefore, it is suggested that the HE- 
SS-PRX is degraded in lysosomes by the enzymatic disulfide cleavage 
such as gamma-interferon-inducible lysosomal thiol reductase 
(GILT)^^. Although the detailed degradation mechanism of HE-SS- 
PRX in late endosomes and lysosomes is not fully clarified, it should 
be noted that the lysosomal P-CD release from PRX plays pivotal role 
in effective cholesterol reduction in NPCl cells. 

Additionally, the bioinert character of HE-SS-PRX allowed endo- 
cytosis to transport into the late endosomes and lysosomes 
(Fig. 5C,D). On the contrary, since most of the P-CD derivatives 
are localized at the plasma membrane owing to their strong inter- 
action, it is difficult to reach intracellular environment. It is therefore 
conceivable that the significant difference in EC50 values between 
HE-SS-PRX and HP-P-CD might be due to the difference in local- 
ization to late endosomes and lysosomes. Additionally, we found that 
the enhancement of intracellular uptake amount of PRX by the 
introduction of cationic DMAE groups resulted in further lowered 
ED50 value (Fig. 6). Although DMAE-SS-PRX is not suitable for 
practical use owing to its polycation toxicity, both the amount of 
cellular internalization and the lysosomal localization of PRX have 
been proved to be essential for reducing accumulated cholesterols. 

Rosenbaum et al. have demonstrated the sustainability of choles- 
terol reduction ability of HP-P-CD derivatives in NPCl and NPC2 
cells^\ After the removal of HP-P-CD from medium, the intracellular 
concentration of cholesterol is gradually increased. Our result of HP- 
P-CD is consistent with their report. Interestingly, we found that the 
cholesterol reduction by biocleavable PRX is more sustainable than 
HP-P-CD. HP-P-CD is known to facilitate the transfer of lysosomal 
cholesterol to ERto suppress the SREBP-2 processings^. However, we 
found that high concentration of HP-P-CD (10 mM) induced the 
upregulation of the SREBP-2 mRNA level, probably due to the deple- 
tion of cholesterol from the plasma membrane. This leads to activ- 
ating the inherited cholesterol biosynthesis (HMGCR and HMGCS) 
and uptake (LDLR) machinery (Fig. 4B); therefore, HP-P-CD treat- 
ment increases intracellular cholesterol level again through the 
uptake of LDL-derived cholesterols. By contrast, HE-SS-PRX does 
not activate cholesterol biosynthesis and uptake, resulting in sustain- 
able cholesterol reduction compared to HP-P-CD (Fig. 3C). 

In summary, this study demonstrates the feasibility of biocleavable 
polyrotaxanes as therapeutics for NPCl disease. HE-SS-PRX is 
found to avoid non-specific interaction with the plasma membrane 
to achieve preferential lysosomal accumulation, and the biocleavable 
nature of HE-SS-PRXs increases the local concentration of P-CD in 
late endosomes/lysosomes, leading to a remarkable enhancement in 
the effect of lysosomal cholesterol reduction in NPCl cells. 
Accordingly, the cleavable PRXs are thought to be noninvasive and 
effective therapeutics for the NPC diseases. To elucidate the concept 
of biocleavable PRXs as therapeutics for NPC disease, further studies 
along with in vivo pharmacological effect, body disposition, and 
safety are required. Since the PRXs have higher molecular weight 
than P-CD derivatives, they are expected to avoid renal clearance. 
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Figure 5 | Cellular association and intracellular distribution of fluorescently-labeled HE-SS-PRX and HP-P-CD. (A) Time-course of the mean 
fluorescence intensity of NPCl cells incubated with FITC-HP-P-CD (P-CD: 0.5 mM) and FITC-HE-SS-PRX (P-CD: 0.5 mM). (B) CLSM images of 
NPCl cells incubated with FITC-HP-P-CD (green, P-CD: 0.5 mM) and FITC-HE-SS-PRX (green, P-CD: 0.5 mM) for 3 h and 24 h (bar: 20 |am). 
(C) Intracellular distribution analysis of FITC-HP-P-CD (green, P-CD: 0.5 mM) and FITC-HE-SS-PRX (green, P-CD: 0.5 mM) in NPCl cells after 
incubation for 24 h (bar: 20 \im). The early endosomes, late endosomes, and lysosomes are stained with EEAl, CD63, and LAMPl antibodies, 
respectively (red). The nuclei are stained with DAPI (blue). (D) Colocalization percentage of FITC-HP-p-CD and FITC-HE-SS-PRX to early endosomes 
(EE), late endosomes (LE), and lysosomes (LY) after 24 h as determined from CLSM images. The bars represent the means of 20 cells (*p < 0.05, 
< 0.005, < 0.001). 



resulting in a prolonged blood circulation time. This prolonged 
blood circulation might contribute to increasing the accumulation 
level of P-CDs in various tissues, leading to effectively reducing the 
tissue cholesterol level in comparison to p-CD derivatives. In addi- 
tion, although the PRXs were revealed to show negligible toxicity 
under in vitro condition, we have to provide enough evidence of 
PRX safety under in vivo condition. These investigations are cur- 
rently underway in our laboratory. 

Methods 

Synthesis of biocleavable polyrotaxanes. Pluronic PI 23, a triblock copolymer of 
poly( ethylene glycol) (PEG)-^-poly(propylene glycol) (PPG)-^-PEG, was obtained 
from Sigma- Aldrich (Milwaukee, WI, USA). The number of monomer repeating 
units in PEG and PPG segments were determined to be 25.2 X 2 (Mn^PEG^ 1>100 X 2) 
and 71.5 {Mn,ppG- 4,150), respectively, by nuclear magnetic resonance (NMR) 
spectroscopy. The synthesis of biocleavable HE-SS-PRK and non-cleavable HE-PRK 
were described in Supplementary Information. 

Hemolysis assay. The rat erythrocyte suspensions (2 X 10** cells/mL, 100 [lL) 
(Kohjin Bio, Saitama, Japan) were incubated with the treatment solutions (100 |iL) 
for 2 h at 37°C. Then, the erythrocytes were separated by centrifugation (2,000 rpm 
for 5 min) and the supernatant (100 |iL) was collected. The amount of released 
hemoglobin was determined by reading the absorbance at 540 nm on a Multiskan FC 
plate reader (Thermo Fisher Scientific, Waltham, MA, USA). To determine the 
absorbance of 100% hemolysis, erythrocytes were lysed with 0.1% Triton X-100 
(Sigma- Aldrich). The hemolytic activities were calculated relative to the 0.1% Triton 
X-lOO-treated samples. 



Cell culture. Human dermal fibroblasts derived from a Niemann- Pick type C disease 
patient (NPCl) (GM03123) and a normal human dermal fibroblast (GM05659) were 
obtained from the Coriell Institute for Medical Research (Camden, NJ, USA) and 
grown in Dulbecco's modified eagle medium (DMEM) (Gibco BRL, Grand Island, 
NY, USA) containing 10% fetal bovine serum (FBS) (Gibco), 100 units/mL penicillin, 
and 100 |ag/mL streptomycin (Gibco) in a humidified 5% CO2 atmosphere at 37°C. 

Cytotoxicity assay. NPCl cells were seeded on a 96- well plate (BD Falcon, Franklin 
Lakes, NJ, USA) at a density of 1 X 10^ cells/well and incubated overnight. After the 
medium was exchanged for fresh DMEM (90 |aL), the sample solutions (10 [lL) were 
applied to each well. After incubation for a further 24 h. Cell Counting Kit- 8 reagent 
(Dojindo Laboratories, Kumamoto, Japan) (10 \iL) was added to each well. After 
further incubation for 1 h at 37°C, the absorbance at 450 nm was measured on a 
Multiskan FC plate reader. The cellular viability was calculated relative to the non- 
treated cells. 

Filipin staining for cholesterol. NPCl or normal cells were seeded on 35-mm glass- 
bottomed dishes (Greiner Bio-one, Frickenhausen, Germany) at a density of 1 X 
10^ cells/dish and incubated overnight. After the medium was exchanged with fresh 
DMEM (900 \iL), the treatment solutions (100 \iV) were applied to the dish. After 
incubation for 24 h, the cells were washed twice with PBS and fixed with 4% 
paraformaldehyde for 15 min at room temperature. The cells were stained with filipin 
(PolySciences, Warrington, PA, USA) (50 |ig/mL) for 45 min at room temperature. 
The confocal laser scanning microscopic (CLSM) observations were performed on a 
FluoView FVlOi (Olympus, Tokyo, Japan) equipped with a 60X water-immersion 
objective lens (N/A 1.2) and a diode laser. 

LysoTracker staining for acidic endosome/lysosome. NPCl or normal cells were 
seeded on 35-mm glass-bottomed dishes at a density of 1 X 10^ cells/dish and 
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Figure 6 | Intracellular uptake and cholesterol reduction in NPCl cells 
treated with cationic DMAE-SS-PRX. (A) Chemical structure of N,N- 
dimithylamino ethyl group-modified cationic PRXs bearing terminal 
disulfide linkages (DMAE-SS-PRX). (B) CLSM images of NPCl cells 
incubated with nonionic FITC-HE-SS-PRX (green, (3-CD: 0.25 mM) and 
cationic FITC-DMAE-SS-PRX (green, P-CD: 0.25 mM) for 24 h (bars: 
20 )im). The nuclei are stained with DAPI (blue). (C) Mean fiuorescence 
intensity of NPCl cells incubated with nonionic FITC-HE-SS-PRX ( P-CD: 
0.25 mM) and cationic FITC-DMAE-SS-PRX (P-CD: 0.25 mM) for 24 h. 
(D) The amount of intracellular total cholesterol in NPCl cells incubated 
with nonionic HE-SS-PRX or cationic DMAE-SS-PRX at various P-CD 
concentrations for 24 h. The dashed lines represent the amount of 
intracellular total cholesterol in non-treated normal and NPCl cells. Data 
are expressed as the mean ± S.D. (n = 3) (*p < 0.05, ****p < 0.001). 



incubated overnight. After the medium was exchanged with fresh DMEM (900 )iL), 
the sample solutions (100 |iL) were applied to the dish. After incubation for 24 h, the 
cells were washed twice with PBS and stained with LysoTracker Green DND-26 
(Molecular Probes) (200 nM) for 10 min at 37°C. The CLSM observations were 
performed on a FluoView FVlOi. 



Cellular total cholesterol content. NPCl or normal cells were seeded on a 24- well 
plate (BD Falcon) at a density of 2.5 X 10* cells/well and incubated overnight. After 
the medium was exchanged with fresh medium (270 |J,L), the treatment solutions 
(30 |iL) were applied to each well. After incubation for 24 h, the cells were washed 
twice with PBS. Then, the cells were harvested and lysed with cell lysis buffer (50 mM 
phosphate buffer, 500 mM NaCl, 25 mM cholic acid, and 0.5% Triron X-100). The 
cellular total cholesterol was determined by Amplex Red Cholesterol Assay Kit 
(Molecular Probes) according to the manufacturer's instructions. After incubation 
for 30 min at 37°C, the fluorescence intensities were measured on an ARVO MX 
multilabel counter (Perkin Elmer, Wellesley, MA, USA) equipped with a filter set for 
excitation and emission at 560 ±10 nm and 590 ±10 nm, respectively. The total 
cholesterol content was calculated with a cholesterol standard curve. Cellular protein 
content was determined with a Micro BCA Protein Assay Kit (Thermo Fisher 
Scientific). Cellular cholesterol content was normalized to protein content. 

Cholesterol efflux from the plasma membrane^^'^*. NPCl or normal cells were 
seeded on a 24-well plate at a density of 1 X 10^ cells/well and incubated overnight. 
After the medium was exchanged with PBS (270 |J,L), the treatment solutions (30 |iL) 
were applied to each well. After incubation for 1 h at 37°C, the supernatant was 
collected. The concentration of cholesterol in the supernatant was determined by 
Amplex Red Cholesterol Assay Kit, as described above. 

Quantitative gene expression analysis by real-time RT-PCR. NPCl cells were 
seeded on a 24-well plate at a density of 2.5 X 10* cells/well and incubated overnight. 
After the medium was exchanged with fresh DMEM (270 |iL), the treatment 
solutions (30 [lL) were applied to each well. After incubation for 24 h, total RNA was 
isolated with a QlAshredder and RNeasy Mini Kit (Qiagen, Valencia, CA) according 
to the manufacturer's instructions. Then, cDNA was synthesized from 5 |ig of the 
total RNA using iScript Advanced cDNA Synthesis Kit (Bio-Rad, Hercules CA). The 
real-time RT-PCR was performed on a CFX Connect real time PGR detection system 
(Bio-Rad). The final reaction mixture contained 2 |iL of cDNA, 500 nM of each 
primer, 10 [iL SsoAdvanced SYBR Green Supermix (Bio-Rad), and RNase/DNase- 
free water to complete the reaction mixture volume of 20 |iL. Thermal cycling was 
performed for 40 cycles at 95°G for 10 s and at 60°C for 30 s. The sequences of the 
primer sets for amplification were summarized in Supplementary Table Sl^°. Gene 
expression levels were calculated using the AACt method, and the data were 
normalized with the expression level of P-actin. 

Cellular association analysis for FITC-labeled HP-P CD and HE-SS-PRX by flow 
cytometry. NPCl cells were seeded on a 24-well plate at a density of 2.5 X 10* cells/ 
cm^ and incubated overnight. After the medium was exchanged with fresh medium 
(270 |iL), the treatment solutions (30 |iL) were applied to each well. After incubation 
for the indicated time periods, the cells were washed twice with PBS and harvested by 
trypsin-EDTA treatment. Then, the cells were collected by centrifugation (1000 rpm, 
4°G, 5 min), and fixed with 2% paraformaldehyde for 20 min at room temperature. 
The cells were washed three times with PBS containing 0.1% bovine serum albumin 
(BSA) (Sigma- Aldrich) and passed through a 35 |j,m cell strainer (BD Falcon). The 
fluorescence intensity of the cells was determined by flow cytometry (FACSCanto II, 
BD Biosciences). The FITC-labeled samples were excited using 20 mW solid-state 
laser (488 nm) and detected with a 515-545 nm bandpass filter. A total of 10,000 cells 
were acquired for each sample and the mean fluorescence intensity of cell population 
was analyzed by DIVA software (BD Biosciences). 

Intracellular distribution analysis for FITC-labeled HP-p CD and HE-SS-PRX by 
CLSM. NPCl or normal cells were seeded on 35-mm glass -bottomed dishes at a 
density of 1 X 10* cells/dish and incubated overnight. After the medium was 
exchanged with fresh DMEM (900 |iL), the treatment solutions (100 [lL) were 
applied to the dish. After the cells were incubated with FITC-labeled HP- P-CD and 
HE-SS-PRX for 24 h, the cells were washed twice with PBS, fixed with 4% 
paraformaldehyde for 15 min at room temperature, and permeabilized with 0.1% 
Triton X-100 for 10 min at room temperature. Then, the cells were treated with 
mouse anti-human early endosome antigen 1 (EEAl) antibody (clone: 14/EEAl) (BD 
Biosciences) (1 : 100 dilution), mouse anti-human GD63 antibody (clone: H5G6) 
(BioLegend, San Diego, CA, USA) (1 : 200 dilution), or mouse anti-human lysosomal- 
associated membrane protein 1 (LAMPl) antibody (clone: H4A3) (Santa Cruz 
Biotechnology, Santa Cruz, CA, USA) (1 : 50 dilution) for 1 h at room temperature. 
After three washes with PBS, the cells were stained with Alexa Fluor 647-labeled goat 
anti-mouse IgG (Abeam, Cambridge, MA, USA) (1 : 1000 dilution) for 30 min at 
room temperature. Then, the cells were stained with 4',6-diamidino-2-phenylindole 
(DAPI) (Dojindo Laboratories) (1 |ig/mL) for 10 min at room temperature. The 
CLSM observations were performed on a FluoView FVlOi and the colocalization 
percentage was analyzed using FluoView Viewer (Olympus). 

Statistical analysis. The data are presented as the mean ± standard deviation (S.D.). 
Differences between the means of individual groups were assessed by one-way 
analysis of variance (ANOVA) followed by Tukey's multiple comparison test. A p- 
value of less than 0.05 was considered as statistically significant. The statistical 
analysis was performed using OriginPro 8 (OriginLab, MA, USA). 
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